Soil physical and structural degradation may influence crop productivity over time in long-term notillage system areas. A field study was conducted at two sites, Palmeira das Missões and Não-MeToque, in southern Brazil to quantify soil physical/hydraulic and structural changes in zones with different yield potentials. The sites have been managed under no-tillage system without soil disturbance for more than 10 years. Soils were classified as Oxisols (Hapludox). Each site was divided into three zones with low, medium and high yield potentials based on overlapping of yield maps obtained from harvesters with precision agriculture tools. Within each yielding zone soil samples were collected to determine bulk density, porosity and aggregate stability. In addition, water infiltration rate and initial time for starting surface runoff were measured using a sprinkler infiltrometer (Cornell Sprinkler infiltrometer). Our findings showed that soils under low-yielding zones presented higher bulk density, lower macro-aggregate stability and water infiltration rate as well as shorter time for starting surface runoff compared to high-yielding zones. Therefore, these results suggest that soil physical and structural degradations have induced crop yield losses under long-term no-tillage areas. Macroaggregate stability (>4.76 mm) and water infiltration rate were efficient parameters for distinguishing yielding zones in Oxisols managed under long-term no-tillage system in southern Brazil.
INTRODUCTION
The perpetuation of conservationist tillage systems is directly related to the soil and to the adopted crop management practices, which can enable the maintenance and improvement of soil structure quality (Dumanski, 2015) and crop yield (Pittelkow et al., 2015) . Thus, the success of no-tillage systems depends on the maintenance of the following physical-hydraulic conditions: i) suitable soil water and air balance for plant growth (Lanzanova et al., 2010; Jemai et al., 2013; Palm et al., 2014 , Nunes et al., 2015 ; ii) high rate of water infiltration into the soil (Golabi et al., 2014) ; iii) reduction of surface runoff (Sun et al., 2015) .
In contrast, intensive machinery traffic during crop management practices is one of the major drivers of deleterious impacts on soil structural quality (Raper, 2005; Drescher et al., 2011; Barik et al., 2014) . Soil aggregation is globally used as an indicator of soil structural quality changes induced by land use and management practices (Vezzani and Mielniczuk, 2011; Karlen et al., 2013) . Macro-aggregates play crucial role on the stabilization and protection of soil organic matter (Six et al., 2000a) , which increase the soil resilience to structural degradation and water dynamics in the soil (Vezzani and Mielniczuk, 2011) . Studies have shown that increases of soil aggregation is positively correlated to higher yields of corn (Song et al., 2015) , soybean (Corbin et al., 2010) and other cereals (Hou et al., 2012) .
The determination of soil physical-hydraulic properties such as water infiltration rate can be important for understanding the causes of variability in crop productivity. According to Jégo et al. (2015) , the knowledge of the spatial variability of crop yields requires a large amount of data about soil physical properties and their relationships that influence plant development. The relationship between soil water dynamics and crop yield can provide complementary information for understanding critical levels of soil porosity, resistance to penetration and bulk density (Kılıç et al., 2004; Whalley et al., 2008; Reichert et al., 2009) .
Soil water infiltration can be determined using several methods, such as: tension infiltrometers or disc permeameters, pressure infiltrometers and sparkler infiltrometers. The method of concentric cylinders (pressure infiltrometer) uses a hydraulic load on the soil surface and has been used as a standard determination of infiltration, although some authors consider that this method overestimates the real water infiltration (Cheng et al., 2011) . On the other hand, van Es and Schindelbeck (2003) stated that a sprinkler infiltrometer (Cornell Sprinkler infiltrometer) allows the determination of several important hydrological features, such as, the initial time for surface runoff, infiltration rate, accumulated infiltration and water consumption which are relevant characteristics in the evaluation of soil hydro-physical quality. These authors also mention the advantages of this method compared to double concentric rings, being of low cost in acquisition; convenience in transportation (small size and low weight), rapid assessment and operated by one person, easy calibration for different rainfall intensities, and low water consumption. Despite these advantages, the high coefficients of variation observed in the soil water infiltration data (Warrick and Nielsen, 1980) have limited use in commercial areas, since an accurate assessment requires a high number of field replications. In this sense, the adoption of precision agriculture tools makes possible to identify homogeneous areas with different yielding potential (Amado et al., 2009; Santi et al., 2013) , and to investigate soil physical and hydraulic property changes within each one these yielding zones (Keller et al., 2012) .
Although many technical papers have been published, changes on physical and hydraulic properties within different yielding zones in Brazil are still poorly documented. An on-farm study was conducted in southern Brazil, a pioneer region for the adoption of notillage (NT) system and precision agriculture tools. The objective of this study was to quantify soil physical/hydraulic and structural changes within zones with high-, medium-and low-yield potential. This research hypothesized that zones with higher crop yield have better soil physical/hydraulic and structural quality compared to zones of lower crop yield. Water infiltration rate assessed by sprinkler infiltrometer (Cornell Sprinkler infiltrometer) method is able to distinguish zones with different yield potentials.
MATERIALS AND METHODS

Experimental field sites
The study was carried out in the Eastern Plateau of Rio Grande do *Corresponding author. E-mail: santi_pratica@yahoo.com.br. Sul, Brazil at two experimental sites: i) Palmeira das Missões (PM), with area of 57.4 ha, at medium geographic coordinates, 27°53ʹS and 51º18ʹW and altitude of 600 m; and ii) Não-Me-Toque (NMT), with area of 132 ha, at coordinates 28°48ʹS and 52º77ʹW, and altitude of 550 m (Figure 1 ). The soils were classified as Oxisols (Hapludox) at both study sites (Santos et al., 2013) . The average clay contents within each site were: i) PM -730; 741 and 785 g kg ; ii) NMT -572; 616 and 518 g kg -1 within high-, medium-and lowyielding zones, respectively. The regional climate according to the Köppen´s global climatic classification is humid subtropical (Cfa), with an average annual temperature of 18.1 ºC and annual rainfall of the order of 1,900 mm.
Both study sites have been managed with precision agriculture tools such as yield monitoring, systematic soil sampling and variable rate applications of fertilizers for five years and under NT system for more than ten years without interruption. In this work, we used the methodology described in Santi et al. (2013) overlapping the following sequences of crop yield maps for PM: soybean-cornsoybean-wheat-soybean-corn and NMT: corn-soybean-wheat-corn.
From the overlap of yield maps, each area were divided into three homogeneous zones according to their yield potential (high, medium and low), which was considered a low-yielding zone when showing up to 95% of the average crop yield in the total area, medium-yielding zone between 95 and 105% and high-yielding zone above 105% (Santi et al., 2013) . Average grain yield of crops observed in both experimental areas were: i) PM: 2000/01 soybean (3,180 kg ha ).
Sampling and determination of physical soil properties
In each study site, three representative sampling points within each yielding zone (high, medium and low yield) were selected ( Figure  1 ). Undisturbed soil samples were taken using a metal cylinder (height 0.05 m x internal diameter 0.05 m), from the 0-0.05 and 0.05-0.10 m layers. At each zone five samples (replications) were collected, providing a total of 45 samples at each site. In addition, soil blocks of 0.05 x 0.05 m to 0.05 m depth were collected from the 0-0.05 and 0.05-0.10 m layers at each sampling point for soil aggregate stability analyses.
In the laboratory, the undisturbed soil samples were weighted (initial moisture), saturated with water and weighted again. The determination of the water content at -6 kPa (60 cm of water column) matrix potential was made on tension tables (Ball and Hunter, 1988) . Afterwards, the soil samples were dried at 105 ) was estimated from the difference between water content in saturated soil and at -6 kPa. Soil microporosity (MiP) was estimated as the retained water content at -6 kPa soil matrix potential.
Field-moist soil was gently passed through an 8 mm sieve by breaking up the soil along natural planes of weakness, and air dried. The aggregate samples (25 g) were moistened slowly by capillarity and after 10 min, subjected to aggregate stability analysis using the standard wet-sieving method (Kemper and Chepil, 1965) , in a vertical oscillator (Yoder, , at a speed of 30 oscillations per min for 10 min. The vertical oscillator consists of set of four sieves (4.76, 2.0, 1.00, and 0.21 mm mesh sizes). The aggregates were then separated into the following classes: 8.00-4.76; 4.76-2.00; 2.00-1.00; 1.00-0.21 and < 0.21 mm. The aggregates retained on each sieve were dried at ± 105 °C for 48 h for dry mass determination. After, the aggregates were chemically dispersed (NaOH 2% for 30s) for quantification of the mass of inert materials. Inert materials were subtracted from the respective aggregate size fractions.
Soil hydraulic properties
Around sampling points where undisturbed soil samples were taken, tests of water infiltration into soil were performed, with five replicates, providing a total of 45 measurements at each site. Water infiltration assessment was performed through a sprinkler infiltrometer ("Cornell Sprinkler infiltrometer"), described by van Es and Schindelbeck (2003) . This infiltrometer is a portable rainfall simulator with a capacity of 20.6 liters composed of 69 drippers at the bottom, with a diameter of 0.00063 m and 0.19 m long each. This assembly is mounted on a cylinder with a diameter of 0.24 m, simulating different rain intensities by an air inlet regulation system. To determine the water infiltration rate and the initial time for surface runoff a simulated rain of 300 mm h -1 was established for 60 min, as proposed by van Es and Schindelbeck (2003) . Although the intensity is high for regional conditions, we chose to follow the original standard established by these authors. The rainfall intensity was determined from the expression:
Where: Ri = rainfall intensity (mm h -1 ); H1 and H2= initial and final reading (mm) of the water volume in the infiltrometer ruler, respectively; Ti= time interval (hours) between readings (we used 0.05 h in this study).
The surface runoff was determined by:
Where: SR= surface runoff (mm h -1 ), Vt= water volume collected (ml); 45730= ring area (mm 2 ); t= time interval (hours) between the runoff collections (we used 0.05 h in this study).
The water infiltration rate was determined by:
where: WI= water infiltration rate (mm h At the moment of water infiltration measurements, the soil surface was fully covered by plant residues from previous winter crops and the volumetric soil water content was very similar among yield zones (that is, PM -0.243, 0.234 and 0.241 m m -3 ; NMT -0.253, 0.266 and 0.259 m m -3 at low-medium-and high-yielding zone, respectively).The equations of water infiltration rate and cumulative water infiltration were adjusted by non-linear and linear regressions, respectively, based on average values observed in each treatment, using Statistical Analysis System v.8.0 software (SAS Inc, Cary, USA). The surface runoff time was determined by intersection point between infiltration rate and surface runoff curves.
RESULTS AND DISCUSSION
Soil physical properties
Bulk density was significantly lower under high-yielding zones compared to low-yielding zones for both sites at surface soil layer (0-0.05 m) and only for NMT at the deeper soil layer (0.05-0.10 m) ( Table 1) . Bulk density is widely used to investigate soil compaction and its deleterious impacts on plant growth (da Silva et al., 1994; Reynolds et al., 2009; Stolf et al., 2011; Salem et al., 2015) . Within low-and medium-yielding zones bulk density reached values >1.2 Mg m -3 for both 0-0.05 and 0.05-0.10 m layers, which is considered a critical limit to suitable plant growth in clay soils (Reynolds et al., 2009 ). Therefore, soil compaction is likely a key factor that drives the productive potential losses in these zones. Under long-term no-tillage the absent of soil disturbance associated with intensive machinery traffic have induced critical soil compaction (Nunes et al., 2015) , that leads to decreasing crop growth and yield, as reported by Pittelkow et al. (2015) . Decreased productivity of the crops also decreases atmospheric CO 2 uptake by the biomass (above and belowground), resulting in lower organic C inputs to soils over time, and to progressive process of soil physical degradation. Soil porosity attributes had small changes among yielding zones, though an overall non-significant tendency of higher macroporosity and total porosity in the high-yielding zones was verified (Table 1) . Overall, macro-aggregation stability was high regardless of the yielding zone for both sites (Figure 2) . These results are typically reported in studies conducted in weathered Brazilian soils (Madari et al., 2005; Moraes et al., 2014; Cherubin et al., 2015) , being associated primarily with mineralogical composition dominated by Fe and Al oxides and 1:1 minerals present in these soils ( Silva and Mielniczuk, 1997; Six et al., 2000b) . Despite that, large macro-aggregate fractions (>4.76 mm) were highly sensitive indicators to detect zones with different yield potentials, agreeing to reported values by O'Brien and Jastrow (2013) . Soil macro-aggregates protect physically some organic matter fractions, resulting in pools with longer turnover times (Six et al., 2000a ) that mediate soil physical processes related to water and air dynamics and providing resistance against soil erosion. In contrast, smaller aggregates fractions (<2 mm), which are units with lower structural complexity, increased under medium-and low-yielding zones. Therefore, significantly greater macro-aggregate values (Figure 2 ) and mean weight diameter values (Figure 3 ) under highyielding zones for both sites indicate that soil physical and structural degradation have been negatively impacted on the productive potential of crops. Our findings suggest that improved soil structural quality provides better conditions for plant growth (roots and shoots) and consequently higher grain yield. Therefore, these areas have greater annual inputs of organic C into the soil, which acts as cementing agents throughout soil aggregation processes (Tisdall and Oades, 1982) , and plants with larger and deeper root systems, which release exudates that have a cementing effect on soil particles, beyond the physical action in microaggregate formation via compressing action of growing roots and in the entanglement of soil particles to form and stabilize macro-aggregates (Tisdall and Oades, 1982; Bronick and Lal, 2005) . In addition, greater biomass production led to higher amount of residues on soil surface, improving soil resistance to degradation (Wegner et al., 2015) .
Water infiltration into the soil
The water infiltration rate and cumulative water infiltration within yielding zones at PM and NMT are shown in Figure  4 . A significant decrease in water infiltration rates from high-to medium-and low-yielding zones was verified. Previously, Amado et al. (2009) also reported that zones of low yield potential had lower macroporosity and lower water availability for plants. Girardello et al. (2011) mentioned that zones of low yield potential had lower physical quality, expressed by higher soil density and lower total porosity, respectively, at 0.15-0.20 m depth, conditioning low water infiltration into the soil. These results indicate the distinction of current environmental offer between different yielding zones, confirming that in areas with a historical of high productivity have the highest water infiltration rates. Similarly, Keller et al. (2012) field-saturated hydraulic conductivity in low-yielding zones than in high-and medium-yielding zones. Thus, water infiltration into soil is established as an important indicator of soil physical quality (Alves et al., 2007; Amado et al., 2009; Reichert et al., 2009) .
The coefficients of determination of the fitted regressions obtained in the two sites were > 0.60. These values are classified as satisfactory for water infiltration data, due to high spatial and temporal variability, assumed by the interrelationships involving intrinsic and extrinsic soil factors, which are undergo differentiated changes in time and space (Warrick and Nielsen, 1980; Tavares-Filho et al., 2006) . According to Vieira et al. (2010) water infiltration in soil is usually quite variable due to variability of integrating texture, soil structure, biological activity, plant growth and uniformity of soil management practices.
In general, similar water infiltration rates were verified in PM and NMT, however, greater differences among yielding zones were observed in PM. The cumulative infiltration was higher in PM than in NMT, and again, greater differences among yielding zones was observed in PM. Both water infiltration rate and cumulative water infiltration values were higher within high-yielding zones than those quantified within medium-and low-yielding zones. In regard to sites, cumulative water infiltrations were lower in NMT compared to PM. This result may be associated with higher soil compaction in NMT area, at the time of assessment. According to Drescher et al. (2011) , compacted soils have several hydrophysical changes with consequent damage to crop production capacity. The water infiltration is one of the phenomena ), determined by a sprinkler infiltrometer in high-(A and B), medium-(C and D) and low-yielding zones (E and F) in Palmeira das Missões (left) and Não-Me-Toque (right), Rio Grande do Sul, Brazil. that reflect hydrophysical soil conditions, because the structural quality leads to a pore size distribution favorable to root growth and water infiltration (Alves et al., 2007) .
Surface runoff water
The initial time for surface runoff for each yielding zone at PM and NMT is shown in Figure 5 . At PM, a simulated rainfall of 300 mm h -1 induced surface runoff after 35, 19 and 9 min within high-, medium-and low-yielding zones, respectively. At NMT, the surface runoff stated after 16, 10 and 8 min. These results suggest that under highyielding zones water partition initially favors infiltration and reduces losses by runoff. These results gave more evidences that high-yielding zones have a greater soil physical structural quality and consequently improved soil quality, influencing positively crop yield (Amado et al., 2009) .
Based on our findings, we suggest that management strategies including cover crop with tap root system, crop rotation, or even mechanical chiseling should be adopted by farmers, especially under medium-and low-yielding zones, to improve soil physical and structural qualities, and consequently, to increase water infiltration rate, water storage and reduce surface runoff, as consistently reported in the literature (Lanzanova et al., 2010; Jemai et al., 2013; Sun et al., 2015) .
Conclusion
This field study showed that soils under low-yielding zones presented higher bulk density, lower macroaggregate stability and water infiltration rate as well as shorter time for starting surface runoff, compared to higher-yielding zones. Therefore, these findings suggest that soil physical and structural degradation have induced crop yield losses over time under long-term no-tillage areas.
Macro-aggregate stability (>4.76 mm) and water infiltration rate estimated by a sprinkler infiltrometer were efficient parameters for distinguishing yielding zones in Oxisols managed under long-term no-tillage system.
